Background: Phloroglucinol is an important chemical which has been successfully produced by engineered Escherichia coli. However, the toxicity of phloroglucinol can enormously inhibit E. coli cell growth and viability, and the productivity is still too low and not economically feasible for industrial applications. Therefore, strain tolerance to toxic metabolites remains a key issue during the production of chemicals using biological processes.
Background
Phloroglucinol and its derivatives have been widely used in pharmaceuticals, leather industry and dyeing industry. For example, phloroglucinol as a precursor for different derivatives synthesis can be used as sedative, cosmetic additive and explosive [1] . Specifically, phloroglucinol shows antimicrobial activity against oral bacteria [2] . At present, phloroglucinol is mainly produced by chemical synthesis, of which the widespread utilization is limited by several problems such as safety, pollution and efficiency [3] . Currently, phloroglucinol synthesis using biotechnological method has attracted more attentions. The use of Pseudomonas spp. for producing phloroglucinol derivative has been investigated by many researchers [4, 5] . Arabidopsis plants were also employed to produce phloroglucinol by expressing a bacterial gene phlD [3] . Moreover, the engineered Escherichia coli had been used to produce phloroglucinol and its derivatives from renewable feedstock [6, 7] . It is environmentally
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Microbial Cell Factories *Correspondence: xianmo1@qibebt.ac.cn; liuhuizhou@qibebt.ac.cn 1 CAS Key Laboratory of Bio-Based Materials, Qingdao Institute of Bioenergy and Bioprocess Technology, Chinese Academy of Sciences, Qingdao 266101, China Full list of author information is available at the end of the article safe to synthesize phloroglucinol using biotechnological methods. However, the microbial production of phloroglucinol is still challenging, the highest production titer reported was only 3.8 g/L under fed-batch fermentation conditions using recombinant E. coli and was too low to be applied in industrial production [7] . The inherent toxicity of phloroglucinol to bacteria is a major limiting factor for the production titers during fermentation or whole-cell biocatalysis [8] . The study shows that cell growth of E. coli can be significantly inhibited, when phloroglucinol concentration is more than 0.5 g/L in culture media [7] .
In a previous study, the gene marA (multiple antibiotic resistances) which can regulate the response to multiple environmental stresses was employed to improve E. coli tolerance to phloroglucinol. Results showed that the gene marA overexpression could improve not only phloroglucinol tolerance but also phloroglucinol production in the recombinant E. coli [7] . Moreover, phloroglucinol was removed from fermentation broth through absorbent resin during fermentation process to alleviate the stress, and the final production was also improved [9] . Therefore, the toxicity of phloroglucinol compound prevents further increase in production titer. In order to obtain a higher titer for industrial applications, improving the phloroglucinol tolerance in E. coli strains is a promising strategy. Strain tolerance to metabolites is also an important issue for the microbial synthesis of many valuable chemicals.
The microbial tolerance to toxic chemicals is complex and affected by many parameters such as pH, temperature, osmotic pressure, etc. [10] . Several mechanisms of action work together to show tolerance, including cellular transport, changes in membrane properties, regulation of energy metabolism, etc. [11, 12] . Various kinds of genes or gene clusters dispersed on the chromosome or located on plasmids have been found to participate in resistance regulation.
The heat shock proteins (HSPs), also called molecular chaperones, play an essential role in the synthesis, folding and transport of proteins as well as remediation of damage to misfolded proteins [13] . Several studies have also shown that the HSPs can respond to many kinds of environmental stresses and play an important role in improving solvent, acid and heat tolerance [13] [14] [15] . Transcriptome analyses indicate that transcriptional level of HSPs gene would be upregulated, when E. coli strains were exposed to ethanol, n-butanol, i-butanol [16] [17] [18] . Moreover, HSPs also play an important role in solvent stress response in a variety of other organisms including Streptococcus pneumoniae and Lactobacillus brevis [19, 20] . In E. coli, three main molecular chaperone systems are involved in stress response, including trigger factor, GroEL-GroES, and DnaK-DnaJ-GrpE [21] . The GroESL is a member of Hsp60 chaperone family and can mediate protein transition between soluble and insoluble status [22] , and the mechanism of GroESL system action has been elucidated [23] . It has been shown that overexpression of autologous and heterologous GroESL in E. coli could result in improving tolerance to a variety of solvents [23, 24] . Expressing the GroESL, the growth and survivability of E. coli have been greatly improved in the presence of different toxic alcohols [23] . The expression levels of GroESL were also regulated by the inducible promoters and plasmid copy number, and thus leading to the impact on microbial tolerance [15, 23] . Furthermore, GroESL overexpression could not only enhance tolerance but also result in increased final product titers 40% higher than the wild type strains [25] . Therefore, groESL genes seem to be able to up-regulate under toxic chemical stresses, and the GroESL would be quite beneficial for the production of variously toxic chemicals.
With the aim to improve phloroglucinol tolerance and production in engineered E. coli, we reconstructed the metabolically engineered strains by GroESL overexpression. Considering that GroESL overexpression could enhance tolerance to a variety of alcohols in previous work, we tried to examine if overexpressing the GroESL system under its natural promoter could improve phloroglucinol tolerance and production in E. coli. The expression levels of GroESL were further modulated by employing different promoters, and the possible impacts on phloroglucinol tolerance and production in engineered E. coli were investigated.
Methods

Medium and culture conditions
Escherichia coli strains were cultivated in liquid Lysogeny Broth (LB) broth or on LB agar plates for gene cloning and protein expression. For phloroglucinol production, recombinant strains were cultivated in shake-flask or fed-batch fermentation using the fermentation media containing 9.8 g/L K 2 HPO 4 
Strains and plasmids
All strains and plasmids used in this study are showed in Table 1 . Primers used in this study are synthesized by GeneWiz (Suzhou, China) and listed (Additional file 1: Table S1 ). E. coli DH5α and BL21(DE3) were used for all plasmid constructions and expression of recombinant proteins. The expression vector pET-28a(+) was purchased from Novagen (Madison, WI, USA). The genes of phlD and marA were amplified together from plasmid DNA of pET-phlDmarA using the primers phlDmarA_F and phlDmarA_R. Then the PCR products were digested with NotI and AflII, and cloned into the corresponding sites of pA-accADBC to construct plasmid pA-phlD/ marA/acc.
The operon (including natural promoter, operator gene and structural genes) of groESL was amplified from genomic DNA of E. coli BL21(DE3) with the primers groESL-F_BglII and groESL-R_EcoRI. The PCR product digested with BglII and EcoRI was cloned into pET-28a(+) cut with the same restriction enzymes, generating pET28a-groESL. The groESL genes coding DNA sequences (CDS) fragment was PCR amplified using the primers T7-groESL-F_NcoI and T7-groESL-R_EcoRI, and cloned into pET-28a(+) between NcoI and EcoRI sites, to generate plasmid pET28a-T7-groESL. The primers of tac-groESL-F_BglII and tac-groESL-R_XbaI form a double-stranded DNA using the following a modification of PCR procedures: 95 °C for 3 min, followed by 6 cycles of 95 °C for 30 s and 60 °C for 30 s. The double-stranded DNA was then cloned into pET28a-T7-groESL digested with BglII and XbaI, generating pET28a-tac-groESL.
Protein expression analysis by SDS-PAGE
The expression of GroESL under different promoters in E. coli BL21(DE3) was analyzed by SDS-polyacrylamide gel electrophoresis (PAGE). The single colonies of E. coli strain grew on LB agar were chosen and inoculated in liquid LB seed medium containing appropriate antibiotics. Seed cultures grown overnight were used as 1% inoculum in 100 mL LB liquid medium. The cells were cultivated in medium until OD 600 to 0.7 at 37 °C and then induced by 0.2 mM isopropyl-β-d-thiogalactopyranoside (IPTG) at 30 °C for 6 h. The equal amounts (volume × OD 600 ) of recombinant E. coli cells were harvested by centrifugation at 4 °C, washed twice with PBS buffer (10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , 137 mM NaCl, 2.7 mM KCl, pH 7.4) and then resuspended in the equal volume of PBS buffer. The cells were fully disrupted by sonication on ice. After centrifugation at 13,000g for 10 min at 4 °C, equal volume of supernatant from different engineered strain was analyzed by SDS-PAGE. G0 strain was used as the control.
Effect of GroESL overexpression on strain growth
The phloroglucinol resistances of strains with different GroESL expression levels were determined by the plate method. E. coli BL21(DE3) harboring pET-28a(+), pET28a-groESL, pET28a-tac-groESL or pET28a-T7-groESL was grown in liquid LB media until OD 600 to 0.7 at 37 °C and then induced by 0.2 mM IPTG for 2 h at 30 °C. The cells of each recombinant E. coli were serially Next, the hypothesis that overexpression of GroESL under different promoters in E. coli BL21(DE3) would lead to different growth curves in the conditions of phloroglucinol stress was examined. Each strain was inoculated in liquid LB seed media, and then the equal amounts of overnight culture were inoculated in 100 mL LB liquid media. The cultures were incubated at 37 °C and 180 rpm until OD 600 to 0.7, and then induced by 0.2 mM IPTG at 30 °C for 24 h supplemented with a final concentration of 0.7 g/L phloroglucinol. Culture samples were collected at regular intervals and cell density was measured by optical density at 600 nm.
Shake-flask cultivation of the recombinant E. coli strains
Shake-flask experiments of phloroglucinol synthesis were performed in a series of 500 mL shake flasks containing 100 mL of fermentation media with Kan and Cm. The single clone grown on LB agar was chosen and inoculated in 20 mL LB seed media, and then seed cultures were used as 1% inoculum in 100 mL of fermentation media. The E. coli strains (PG0, PG1, PG2, PG3) harboring different recombinant plasmids were cultivated in the broth and incubated in a gyratory shaker at 37 °C and 180 rpm. When the OD 600 of the culture reached about 0.7, a final concentration of 0.2 mM IPTG was added to the media. Then, the culture was further incubated at 30 °C for 12 h. Cell density and phloroglucinol production were measured during the whole fermentation courses. The whole experiment was performed in triplicate.
Fed-batch fermentation for phloroglucinol biosynthesis
Fed-batch cultures were carried out in a 5-L glass fermenter (BIOSTAT B plus MO5L, Sartorius, Germany) containing 2 L fermentation media. 100 mL of inoculum was prepared by incubating the culture in shake flasks at 37 °C for 10 h. During the fermentation process, the temperature was first set at 37 °C and the pH was maintained at 7.0 by automated addition of ammonia. Antifoam (THIX 298, Yantai Hengxin Chemical Co., Ltd., China) was added to prohibit foam development by regulated system. The stirring speed was first set at 300 rpm and then associated with the dissolved oxygen (DO) to maintain about 20% saturation of DO. When the initial glucose was nearly exhausted, fed-batch mode was run by feeding a solution containing 700 g/L of glucose at appropriate rates and the residual glucose was maintained about 0.5 g/L. A final concentration of 0.2 mM IPTG was added to induce protein expression when the cell density (OD 600 ) reached about 12 at 37 °C, and the culture temperature was switched to 30 °C. Fermentation parameters were the same as in shake-flask cultivation. Consumed glucose is calculated by the total and residual glucose.
Analytical methods
Cell density was determined by measuring the absorbance at 600 nm (OD 600 ) with a spectrophotometer (Cary 50 UV-vis, Varian). Samples were diluted in the appropriate medium to ensure an absorbance at 0.20-0.80.
During the fermentation processes, the concentration of residual glucose in shake flasks or fermenters was quantified using the SBA-40D biosensor analyzer (Biology Institute of Shandong Academy of Sciences, China).
The concentration of phloroglucinol was analyzed by high performance liquid chromatography (HPLC). Briefly, samples were centrifuged at 12,000g for 5 min, and then the supernatants were filtered by a 0.20 μm nitrocellulose filter and analyzed by a HPLC (Agilent 1200 series, USA) equipped with UV/vis. The column (C18, 5 µm, 250 × 4.6 mm, Agilent, USA) was eluted at 30 °C using acetonitrile/water (4/6, v/v) as the mobile phase at a flow rate of 1 mL/min. The detection wavelength was 254 nm.
Results
Plasmid construction and SDS-PAGE analysis
Based on our previous study [7] , the plasmid pA-phlD/ marA/acc was successfully constructed for phloroglucinol production with chloramphenicol resistance. Considering the conclusion from the previous study that expression of groESL could improve tolerance to various stresses [23, 26, 27] , the potentiality of improving E. coli tolerance to phloroglucinol by the overexpression of groESL gene was investigated in this study. Although E. coli possesses a native groESL gene, the gene expression level is very low. Thus, the native groESL gene with its natural promoter was firstly amplified, which then was cloned into a high-copy number plasmid pET-28a(+) forming the plasmid pET28a-groESL under the natural promoter. The plasmids pET28a-T7-groESL and pET28a-tac-groESL were constructed under the T7 and tac promoters, respectively.
The expression levels of groESL under different promoter were verified as shown in Fig. 1 . The SDS-PAGE patterns of samples from different recombinant strains analyzed with Coomassie brilliant blue staining showed that the recombinant proteins of GroESL were clearly overexpressed compared with the control strain. The target fragments of GroESL were consistent with the expected size, which were marked with arrows. Different expression levels of GroESL were observed under different promoters, and the GroESL expression levels gradually decreased with the changes of promoter from strong to weak. The strain G3 under the strong promoter T7 has the highest GroESL expression level, and the lowest GroESL expression level was found under its natural promoter. The expression of GroESL was not obvious in control strain G0. Our results indicated that the GroESL expression levels could be modulated by different promoters in E. coli.
GroESL impact on E. coli tolerance to phloroglucinol
The growth curves of different recombinant strains were measured under phloroglucinol stress as shown in Fig. 2 . The optical density (OD 600 ) revealed that overexpression of the groESL gene could lead to a faster growth compared with the control. Under phloroglucinol stress, a higher optical density and a longer exponential growth phase were observed in all GroESL overexpressing strains compared with the control. These results confirmed that the GroESL can enhance tolerance to phloroglucinol and prolong the exponential growth phase of recombinant E. coli.
Under the condition of phloroglucinol stress, the survivability of GroESL overexpressing strains was assessed by the plate count method. The results showed that more effective cells were obtained in GroESL overexpressing strains than control strains under phloroglucinol stress (Fig. 3a) , and thus more effective cells could be involved in phloroglucinol synthesis in the GroESL overexpressing strains. The strain G2 (overexpression of GroESL under tac promoter) has the largest number of viable cells compared with other strains, and a 3.19-fold increase in the number of CFU/mL was measured compared with the control (Fig. 3b) . Although GroESL overexpressing strain G1 and G3 produce a 2.03-and 1.76-fold increase in CFU/mL compared with the control respectively, no significant difference was observed between strain G1 and G3. The cell density represents the whole cells, while viable cell counts provide the actually viable cells which can work for phloroglucinol production under stress. Therefore the cell viability assays can act as a better measure of cells that are still biologically active during phloroglucinol exposure.
Effect of GroESL overexpression on phloroglucinol production in shake-flask
To test the effect of strains with different GroESL expression levels on the production of phloroglucinol, the plasmid pA-phlD/marA/acc and one GroESL overexpression plasmid were transformed into E. coli BL21(DE3) to form different recombinant strains (PG1, PG2, PG3). The strain PG0 was used as the control strain. All strains were cultivated in fermentation media under shake-flask conditions. The cell densities and phloroglucinol titers are shown 12 h after induction by 0.2 mM IPTG (Fig. 4) . The phloroglucinol titer of strain PG2 reached 0.61 g/L, and was about 1.27-fold to the control strain without GroESL overexpression (0.48 g/L). Therefore, strain PG2 accumulated phloroglucinol much faster than the control strain. In addition, the cell density of PG2 was also higher than the control. Compared with the control, the final phloroglucinol concentration and cell density also increased in strain PG1 and PG3. There are minor differences between the phloroglucinol titers of strain PG1 and PG3 with the values of 0.57 ± 0.07 and 0.51 ± 0.05 g/L, respectively.
These results indicate that the GroESL overexpression leads to a considerable increase in phloroglucinol production, and GroESL expression levels have different effects on strain tolerance and product synthesis. The findings are consistent with the experimental data reported before which concluded that GroESL overexpressing strains using a nisin-inducible expression vector could enhance tolerance compared with the recombinant strains without induction [15] . However, these data are contrary to the findings about the solvent resistance in E. coli that no significant difference in tolerance was observed between the high copy inducible and low copy number plasmid [23] .
Fed-batch cultivation of the engineered E. coli strain
In order to further evaluate whether the GroESL overexpressing strains could improve phloroglucinol production under fed-batch conditions, the characteristics analyses of the engineered strains were performed in a bioreactor. The strain PG0 was used as the control strain.
After induction by IPTG, the residual glucose in bioreactor was maintained at about 0.5 g/L to avoid acetate accumulation throughout the fed-batch process, and also ensure adequate substrate supply. Glucose consumption, cell density, and phloroglucinol concentration were monitored during the whole experiment process. The changes for cell density and phloroglucinol concentration of four strains are shown during the fermentation processes (Fig. 5) . Compared with the control strain, higher cell densities and phloroglucinol titers were obtained in all GroESL overexpressing strains.
For the recombinant strain PG2, the phloroglucinol titer reached 5.3 ± 0.15 g/L after induction 10 h, corresponding to a 39.5% increase compared with the control strain PG0. A productivity of 0.53 g/L/h was achieved in strain PG2, showing the higher phloroglucinol titer and productivity than previous reported data by microbial synthesis in fermentation broth [7, 9] . The phloroglucinol titers of PG1 and PG3 reached the highest levels after induction 10 h, 4.8 ± 0.21 and 3.9 ± 0.15 g/L, respectively. For all GroESL overexpressing strains, phloroglucinol accumulation hardly increased after induction 10 h even though the viable cells could still be detected, which could be explained by the fact that high concentrations of phloroglucinol can significantly inhibit E. coli metabolism. The OD 600 of strain PG2 reached a maximum of about 59 after induction 8 h, and then the cell density stopped to increase. The cell densities of other two GroESL overexpressing strains also reached maximum after induction 8 h, but the control strain no longer continued to grow after induction 6 h. Moreover, the cell density of control strain was almost lower than strain PG1 and PG2 during the whole fermentation process.
The yields were calculated by consumed glucose (Fig. 6) , and showed the values of 8.7, 9.9, 11.1, and 8.1% in strains PG0, PG1, PG2, PG3, respectively. Strain PG1 and PG2 had higher phloroglucinol yields compared with the control strain PG0, but it was interesting that the yield of strain PG3 was lower than the control strain. These results may be due to the fact that the strain PG3 expressed a large amount of chaperone proteins and consumed more glucose, while the protein expression of strain PG1 and PG2 maintained at an appropriate level.
The results clearly demonstrate that overexpressing groESL gene is an effective way to improve phloroglucinol tolerance and production in E. coli, and thus modulating the GroESL overexpression at an appropriate level can achieve a better result in production and yield.
Discussion
Microbial production of various useful chemicals becomes more and more important to our daily life [28] . However, the potential product toxicity to cells is one of the main issues when producing many valuable chemicals by engineered strains from renewable resources [29, 30] , because the toxicity can inhibit the product synthesis and cell viability. Product toxicity usually interferes with important metabolic processes and damages cell membrane and cellular macromolecules, thus leading to poor cell viability. Furthermore, stresses on engineered strains can influence metabolic imbalances due to enzyme overexpression against the stress response, which will redistribute the metabolic fluxes and change the intracellular redox state [31] . These impacts will slow down product synthesis and diminish cell viability, and therefore improving product tolerance is an essential aspect for engineered strains. To address these challenges, many metabolic engineering strategies had been used to improve microbial tolerance in order to make chemicals production economically feasible [32] [33] [34] . On the other ◂ hand, robust cell viability is required for efficient production of chemicals using engineered strains, because the effective cells can lead to high production and productivity via allowing repeated cell recycling. Cell viability is affected by various factors in which cell tolerance to stress is crucial. It has been shown that overexpression of groESL gene is an important tool for improving cell viability and tolerance [13, 23] . So far, reported studies mainly focused on increasing solvent resistance [25, 35] . There is no report on increasing phloroglucinol resistance by overexpression of GroESL.
In this study, the GroESL was overexpressed in E. coli using different promoters and the effect on phloroglucinol tolerance and production was examined. Overexpressing strains showed better resistance, achieved more viable cells and accumulated higher phloroglucinol titer than the control strain, especially strain PG1 and PG2. This may be due to the fact that GroESL can regulate the synthesis and the activity of σ 32 which controls the transcriptional level of HSPs and is responsible for E. coli cells to respond to a variety of stresses [36] . This modulation may keep the enzyme for phloroglucinol production in a more and longer stabilized state, thus leading to pull the carbon flow towards phloroglucinol. It also means that the overexpressing strain can make the aspects of the stress response system being better controlled than the cell's natural response to stress. A 27.6% increase in yield was also found in strain PG2 compared with the control strain. However, the yield of glucose to phloroglucinol is 46% in theory, according to glucose consumption based on the following equivalent: 1.5 glucose-phloroglucinol [37] . Therefore, the current yield is still too low and has the potential to be further improved. From an industrial perspective, the related genes activated by overexpressing GroESL should be further analyzed in order to improve the phloroglucinol resistance of E. coli, because increasing cell tolerance and viability in high phloroglucinol titers are essential for making a successful industrial process. Recently, the overexpression of GroESL had also been successfully applied to improve cellular robustness and butanol titers of an engineered Clostridium acetobutylicum [38] .
In SDS-PAGE analysis, different GroESL expression levels depending on promoter strength were found in each strain (Fig. 1) . Moreover, the viable cells of recombinant strains with a variety of GroESL expression levels using different promoters were examined under phloroglucinol stress. In this study, the high expression level of GroESL may not be always helpful for cell tolerance, but the appropriate expression level of GroESL may be required for other genes or proteins to properly function. The same results were also found in other study [39] , and it is possible that the excessive expression of GroESL protein may cause metabolic burden in host strain and weaken its resistance function. The study proved the importance of metabolic balance in the phloroglucinol artificial biosynthetic pathway, and gave us a guide for the regulation of each protein expression level in order to obtain efficient anabolism. To modulate the expression levels of groESL genes had been proven to be important to improve heat and salt tolerance of Lactococcus lactis, and protein expression in E. coli [15, 40] . Therefore, the specific expression level is an important aspect to improve the tolerance for an effective engineered strain.
The abilities of phloroglucinol production for different recombinant strains were also evaluated by shake-flask and fed-batch fermentations. Compared with the control strain, high phloroglucinol titers were produced by all GroESL overexpressing strains. Although the cell density of strain PG3 was higher than strain PG1, the final phloroglucinol titer of strain PG3 was slightly lower than strain PG1. In general, the changing trend of phloroglucinol titers among recombinant strains was consistent with the number of viable cells measured by plate count method. Hence, the use of cell growth as a sole measure is not sufficient for demonstrating phloroglucinol tolerance, instead of choosing the viable cells assay to examine cell growth. In the future, the viable cell density could be measured with a viable cell monitor (e.g. Aber instruments, UK) in fermentation broth, which seems to be a more reasonable and effective metric for potential capacity of engineered strain [31] . The results show that the appropriate expression level of GroESL can not only improve phloroglucinol production but also impart cellular robustness. In the next stage, the molecular mechanism for phloroglucinol mediated toxicity need be studied for the further application of the GroESL in phloroglucinol synthesis.
Conclusions
In this study, overexpression of native groESL chaperones system was performed to improve phloroglucinol tolerance and production in E. coli. The GroESL overexpressing strains not only slightly improved the capacity to produce phloroglucinol on glucose but also increased the cell viability. Then, the GroESL expression levels were further regulated by different promoters, and the highest tolerance and production were observed in the GroESL overexpressing strain under tac promoter. Finally, the strain PG2 accumulated phloroglucinol up to 5.3 g/L after induction 10 h with 39.5% increase compared with the control strain under fed-batch fermentation, demonstrating that overexpression of stress-induced protein GroESL is a promising approach to improve phloroglucinol tolerance and production in E. coli. Additionally, the GroESL overexpression appears to improve the cell viability which is demanded for high yields and titers. Although the progress was already obtained in E. coli for phloroglucinol production by overexpression of GroESL, increased tolerance and production were only reported under laboratory conditions in these experiments. Therefore, further optimization work need to be done to develop the strain suitable for industrial applications.
